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ABSTRACT 

A 27 degree-of - f reedom u n i a x i a l  l o n g i t u d i n a l  s t r u c t u r a l  

model o f  t h e  S a t u r n  5 C o n f i g u r a t i o n  I1 (S- I1  p l u s  u p p e r  s tages)  

has been  assembled .  L o n g i t u d i n a l  s t r u c t u r a l  modal da t a  have 

been  g e n e r a t e d  u s i n g  t h e  AS-504 f u e l  l o a d i n g  and a re  i n c l u d e d .  

The r e s p o n s e  f r e q u e n c i e s  obse rved  d u r i n g  S-I1 b u r n  have  been 

r e a s o n a b l y  w e l l  d u p l i c a t e d ,  as has t h e  i n b o a r d  e n g i n e  g a i n  a t  

the t i m e  o f  maximum a c c e l e r a t i o n .  The f l i g h t  o b s e r v e d  phase  

a n g l e  r e l a t i o n s h i p  between t h e  L O X  t a n k  and i n b o a r d  e n g i n e  has 

n o t  been  d u p l i c a t e d .  
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' MEMORANDUN F O R  FILE 

1. A f t e r  t h e  AS-504 f l i g h t ,  l o n g i t u d i n a l  s t r u c t u r a l  
modal d a t a  t h a t  would d u p l i c a t e  f l i g h t  da ta  were n o t  a v a i l a b l e ,  
n o r  were  t h e  MSFC or Boeing  l o n g i t u d i n a l  s t r u c t u r a l  models  
a v a i l a b l e .  A u n i a x i a l  l o n g i t u d i n a l  model o f  c o n f i g u r a t i o n  I1 
( S - I 1  u p )  was as sembled  t o  d o  a l i m i t e d  p a r a m e t r i c  v a r i a t i o n  
t o  o b t a i n  a s e t  o f  computed m o d a l  data  t h a t  would a p p r o x i m a t e  
t h e  f l i g h t  r e s p o n s e .  I n f o r m a t i o n  c o n t a i n e d  i n  R e f e r e n c e s  
1 t h r o u g h  6 was u s e d  as a basis  f o r  t h e  model ,  which c o n s i s t s  
o f  27 degrees -o f - f r eedom,  and  i s  shown i n  F i g u r e  1. Only a 
s i n g l e  deg ree -o f - f r eedom i s  used f o r  e a c h  t h e  S-I1 LOX and LH2 
masses. The t i m e  v a r i a n t  e q u i v a l e n t  LOX t a n k  s p r i n g  c o n s t a n t  
d u p l i c a t e s  t h e  f i r s t  LOX t a n k  mode (as  s e e n  i n  t h e  M I N I - A  
T e s t )  i n  t h e  e a r l y  f l i g h t  t i m e s ,  an6  t h e . s e c o n d  mode i n  
t h e  l a t e r  f l i g h t  t imes .  The t i m e  v a r i a n t  p r o p e l l a n t  masses 
a n d  s p r i n g  c o n s t a n t s  are g iven  i n  T a b l e  I .  

2 .  AS-504 modal d a t a  were c a l c u l a t e d  f o r  15 t i m e  p o i n t s  
d u r i n g  S-I1 b u r n ,  and  t h e  f r e q u e n c y  v e r s u s  t i m e  c u r v e s  a r e  
shown i n  F i g u r e  2 .  The a s s o c i a t i o n  o f  t h e  time b a s e  o f  t hese  
c u r v e s  w i t h  a n  e a r l y  c e n t e r  e n g i n e  c u t - o f f  i n v o l v e s  on1.y a 2 0 %  
e x p a n s i o n  o f  t h e  t i m e  s c a l e  a f t e r  c e n t e r  e n g i n e  c u t - o f f .  The 
i n b o a r d  a n d  o u t b o a r d  e n g i n e  g a i n s *  a r e  g i v e n  i n  F i g u r e s  3 t h r o u g h  
6 f o r  t h e  f i r s t  e i g h t  e l a s t i c  modes i n  g ' s / p o u n d .  The a c c e l e r a t i o n  
r e s p o n s e  s p e c t r a ,  b a s e d  on n i n e  e l a s t i c  modes, f o r  t h e  i n b o a r d  
e n g i n e  and L O X  c . g .  a t  T = 345 s e c o n d s  a re  shown i n  F i g u r e  7 ,  
w i t h  t h e  c o r r e s p o n d i n g  p h a s e  a n g l e s  g i v e n  i n  F i g u r e  8 .  

3. S a l i e n t  f e a t u r e s  o f  t h e  o b s e r v e d  f l i g h t  d a t a  were :  

a .  A maximum i n b o a r d  e n g i n e  a c c e l e r a t i o n  o f  1 2  g ' s ,  
z e r o  t o  peak ,  a t  a b o u t  T = 342 s e c o n d s  and  1 6 . 8  c p s .  

b. A t h r u s t  chamber p r e s s u r e  v a r i a t i o n  o f  25 p s i  a t  
t h e  t i m e  o f  maximum a c c e l e r a t i o n ,  z e r o  t o  peak .  

*Gain f o r  rlth mode i s  d e f i n e d  as:  
(Eng ine  E i g e n v e c t o r  C o o r d i n a t e ,  nth mode) 2 

( G e n e r a l i z e d  Mass) g 
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c .  A LOX t a n k  bot tom a c c e l e r a t i o n  o f  8 g ' s  a t  t h e  t i m e  
o f  maximum i n b o a r d  e n g i n e  a c c e l e r a t i o n ,  which was 
i n  phase  w i t h  t h e  i n b o a r d  e n g i n e .  

d .  An i n b o a r d  eng ine  a c c e l e r a t i o n  r e s p o n s e  f r e q u e n c y  
i n c r e a s e  from 1 6 . 8  cps  a t  T = 342 s e c o n d s  t o  19 c p s  
a t  b u r n o u t ,  w i t h  t h e  mea,ured phase  a n g l e s  i n d i c a -  
t i n g  t h a t  t h e , v e h i c l e  r e s p o n s e  f r e q u e n c y  d u r i n g  t h i s  
p e r i o d  co r re sponded  t o  t h a t  o f  a s t r u c t u r a l  mode. 

4 .  C o r r e l a t i o n  of  t h e  computed data  w i t h  f l i g h t  d a t a  i s  
as f o l l o w s :  

a .  There i s  a computed s t r u c t u r a l  mode v a r y i n g  i n  
f r equency  from 1 6 . 5  c p s  a t  T = 342 s e c o n d s  t o  18.9 c p s  
a t  b u r n o u t ,  comparable  t o  t h e  1 6 . 8  t o  19 c p s  f l i g h t  
da t a .  

b .  Using  t h e  1 . 5 %  p r e - f l i g h t  v a l u e  o f  damping, t h e  
computed maximum i n b o a r d  e n g i n e  a c c e l e r a t i o n  i s :  

(200,000) = 1 3 . 6  g ' s  (GAIN) 
(P 

) ( 5 . 3  x 10-5) 
2(5) (F)= 2 ( . 0 1 5 )  

Where : 

G A I N  = 4 t h  mode i n b o a r d  e n g i n e  g a i n  ( g ' s / l . b )  
a t  T = 342 seconds .  

r, = % c r i t i c a l  damping/100 

P = maximum t h r u s t  chamber p r e s s u r e  v a r i a t i o n  

TC = t h r u s t  chamber p r e s s u r e  a t  T = 342 s e c o n d s  

F = T h r u s t  a t  T = 342 s e c o n d s .  

T h i s  computed 1 3 . 6  g's compares w i t h  a measured 
v a l u e  of 1 2 .  Use of  1 . 7 %  c r i t i c a l  damping, 
v i c e  1.5%, would b r i n g  t h e  computed and measured 
va lues  i n t o  agreement .  

c .  F i g u r e  7 r e p r e s e n t s  t h e  T = 345 seconds  combined 
a c c e l e r a t i o n  r e s p o n s e  from t h e  f i rs t  n i n e  e l a s t i c  
modes. It i s  t h u s  de t e rmined  t h a t  a t  t h e  1 6 . 7  c p s  
maximum r e s p o n s e  peak ,  t h e  LOX c . g .  a c c e l e r a t i o n ,  
-7hich s h o u l d  co r re spond  t 2  t h e  t a n k  bot tom a c c e l -  
e r a t i o n  a t  t h i s  t i m e ,  i s  . 45  o f  t h e  i n b o a r d  e n g i n e  
a c c e l e r a t i o n .  T h i s  v a l u e  o f  .4.5 compares t o  a 
f l i g h t  measured r a t i o n  o f  . 6 7 .  



B E L L C O M M .  I N C .  

d .  

e .  

- 3 -  

The one  r e l a t i o n s h i p  t h a t  c o u l d  n o t  b e  d u p l i c a t e d  
w i t h  t h i s  s i n g l e  degree-of - f reedom t a n k  r e p r e s e n -  
t a t i o n  was t h e  phase  a n g l e  between t h e  LOX t a n k  
and e n g i n e  d u r i n g  t h e  T = 342 s e c o n d s  t o  b u r n o u t  
p e r i o d .  A s  s e e n  i n  F i g u r e  8 ,  a t  t h e  f r e q u e n c y  o f  
i n t e r e s t ,  1 6 . 7  cps ,  t h e  two a c c e l e r a t i o n s  a re  o u t  
o f  p h a s e ;  whereas  f l i g h t  d a t a  showed them t o  be  
i n  p h a s e .  To da t e ,  s t r u c t u r a l  models by  o t h e r  
a g e n c i e s ,  which i n c l u d e  m u l t i  degree-of - f reedom 
t a n k s  have n o t  d u p l i c a t e d  t h e  f l i g h t  measured p h a s e  
a n g l e s .  Enough o f  a p a r a m e t r i c  s t u d y  was done t o  
c o n c l u d e  t h a t  t h e  d e s i r e d  p h a s e  a n g l e s  a re  n o t  
o b t a i n a b l e  w i t h  a s i n g l e  degree-of - f reedom t a n k  
r e p r e s e n t a t i o n .  O t h e r s  w i t h i n  Bellcomm a re  now 
p u r s u i n g  a m u l t i  degree-of - f reedom LOX t a n k  r e p r e -  
s e n t a t i o n  r e t r o f i t t e d  i n t o  t h e  model o f  F i g u r e  2 .  
It i s  n o t e d  t h a t  t h e  d e s i r e d  phase  a n g l e  r e l a t i o n -  
s h i p  between i n b o a r d  e n g i n e ,  o u t b o a r d  e n g i n e s ,  and 
LOX t a n k  does  a p p e a r  i n  t h e  h i g h  g a i n  t h r u s t  
s t r u c t u r e  mode of a b o u t  2 1  c p s .  

Although t h e  comparison i s  n o t  i n c l u d e d  h e r e i n ,  t h e  
computed f r e q u e n c i e s  a g r e e  w e l l  w i t h  t h e  o t h e r  
r e s p o n s e  f r e q u e n c i e s  o b s e r v e d  t h r o u g h o u t  t h e  AS-504 
f l i g h t .  

2 0 3 1 -HE S- s c s 

A t  t ac hmen t s 
F i g u r e s  1 - 8 



AS-504 S-I1 TIME VARIANT PROPELLANT 

W E I G H T S  & S P R I N G  CONSTANTS 

K25 
LH2 #/in x 

( L B S )  -4  (LBS) 
LH2 W t  x 1 0  . LOX W t  x 

(Includes 2100 l b  (Includes 
struct) . 2600 lb s t r u c t )  

K26 
LOX 

#/in x 
I 

0 1 5 . 7 7 4  81.947 1 . 4  5.8 

4 0  

80  

1 4 . 1  

1 2 . 4 1  

72 .885  1 . 4 7  

1 . 5 5  

5 . 7 5  
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9 . 2 1  

54 .549  1 . 6 5  

1 . 7 5  

5 . 6 5  

5 . 4  45.242 

2 0 0  

2 4 0  

7 . 5 0 5  

5 .749  

35.924 

26 .595  

1 . 8  

1 . 9  

4 . 5  

3 . 7  

280  

300  

4 .084  

3 . 2 6 1  

17 .296  

1 3 . 2 7 8  

2 . 0  

2 . 1  

2 . 7  

2 . 2 8  

320  

34 0 

2 .448  

1 . 6 3 4  

9.454 
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2 . 1 5  1 . 8  

1 . 5  2 . 2  

345 

350 

1 . 4 3 1  

1 . 2 2 8  

4 .662  

3.717 

2 .25  

2 . 3  

1 . 4  

1 . 2 5  
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'8237 
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2 .239  
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2 . 3 5  

2 . 4  

.8  
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NOTES : MASS = LB. SEC'/IN 
K'S = LB./IN x n STATION 

MASS SHOWN 
IN RECTANGLES Lo 29 
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FIGURE 1 - AS504 CONFIGURATION I l l  LONGITUDINAL MODEL, 27 DOF 
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